Abstract-
INTRODUCTION
For 'in-band' video codecs, the periodic shift-invariance of the critically sampled DWT is an impediment to reaching zero prediction error on wavelet decomposition level J, if the shift τ of the image pixels is different from 2 J k , with Z k ∈ . By omitting the subsampling operator a shift-invariant DWT is obtained, i.e. the overcomplete DWT (ODWT). The ODWT may be used in the temporal prediction loop of the in-band video codec. In this case, the inverse DWT (IDWT) is first performed on the wavelet subband reference frame before the ODWT can be applied. Instead of using the ODWT, Park and Kim [1] used the Low-Band-Shift method (LBS). Note that both methods require the IDWT to be performed first, which adds to the complexity of the codec.
In this Letter, we propose the Bottom-up Prediction method (BUP) [2] , which skips the IDWT and makes a direct link between the coefficients of the reference frame subbands and the coefficients of the redundant subbands that would be obtained by applying the ODWT. The BUP algorithm is formalised into prediction rules corresponding to a particular shift of the image domain pixels. Subbands of a particular decomposition level of the reference signal are filtered with prediction filters and contributions from subbands of other levels are taken into account. These operations result in wavelet coefficients of the redundant subbands of the ODWT. The combination of all prediction rules of the BUP algorithm can be seen as a new transform, the Bottom-up ODWT or BUP ODWT, which is shiftinvariant.
To provide spatial or resolution scalability of video, the in-band motion compensation operation may not use subbands of a lower decomposition level than the level being motion compensated. The proposed BUP method handles this restriction in a natural way by neglecting the contributions from subbands of lower decomposition levels.
In the following, we assume that the shift of the image pixels is integer. To cope with subpixel shifts, the wavelet coefficients can be interpolated, because linear interpolation and the linear DWT are
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Proof: From the system of equations formed by the expressions for and (z A even in polyphase notation (1), we can isolate the input signal polyphase components and X 0 : 
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A generalisation of the prediction rules to higher decomposition levels is proposed in [2] [6] .
Furthermore, the BUP algorithm can be extended to 2-D images, decomposed using the separable 2-D DWT [2] . In [6] the computational complexity of the algorithm is discussed in detail. A reduction of 24% up to 57% occurs in the total multiplication budget (for the CDF(9,7) biorthogonal filters of Cohen et al. [7] ), if the algorithm operates in a level-by-level manner addressing spatial scalability. The reference for this comparison is the straightforward approach, which performs the IDWT followed by the LBS method [1] M N × , under the same assumptions of system parallelism [6] .
As an illustration, we tabulate in Table 1 the P-prediction filters using the filter taps of the CDF(9,7)
wavelet filters. It can be seen that, the values of the outer taps are small compared to the central taps.
This suggests that the computational complexity can be further reduced by thresholding the filter taps, so that approximated overcomplete subbands of the wavelet reference frame are obtained. The approximation error is hereby transferred to the wavelet subband error image.
V. CONCLUSIONS
The BUP algorithm overcomes the periodic shift-invariance of the DWT. The prediction rules of the BUP algorithm allow the in-band motion compensation process to reach a zero prediction error. The BUP ODWT calculates the overcomplete subbands from the critically-sampled subbands. The proposed algorithm achieves a significant reduction in the total multiplication budget and latency. Table 1 . The P-prediction filter taps, derived from the CDF(9,7) filters.
